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ABSTRACT 
CFD ANALYSIS OF BLOOD FLOW THROUGH STENOSED ARTERIES 
Narmada Surigala, M.S. 
Department of Mechanical Engineering 
Northern Illinois University, 2015 
Pradip Majumdar, Director 
The pathological complications of atherosclerosis, namely heart disease and stroke, 
remain the leading cause of mortality in the world. Cardiovascular illness is highly prevalent 
among the American population. One manifestation of cardiovascular disease is peripheral artery 
disease (PAD) which is caused by atherosclerosis in the arteries. Atherosclerosis is a vascular 
disease that reduces arterial lumen size through plaque deposition and arterial wall thickening. 
The flow patterns in the arteries are highly modulating along with the cardiac cycle and a strong 
function of the waveform created by the heartbeat. In this study, a computational simulation 
model is developed to analyze blood flow distribution in a femoral artery network based on 
Navier-Stokes equation. A comparative analysis of blood flow through femoral artery is done 
based on Newtonian and non-Newtonian blood flow by using Carreau-Yasuda model subjected 
to a waveform based on a cardiac cycle. The non-Newtonian CFD flow analysis model is used to 
analyze blood flow distributions in a femoral artery along with the adjacent capillary porous 
tissue medium. This simulation model is used to analyze the flow and stress field in healthy and 
atherosclerosis-affected femoral arteries. Velocity, pressure and wall shear stress fields over 
cardiac cycle are analyzed to demonstrate that adverse flow field created upstream and 
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The pathological complications of atherosclerosis, in particular coronary illness and 
stroke, remain the leading reason for mortality in the world. Cardiovascular disease is 
exceptionally common among the American populace. One declaration of cardiovascular disease 
is peripheral artery disease (PAD) which is caused by atherosclerosis in the arteries. There has 
been much research in recent years to understand the physical mechanism behind this disease. 
Atherosclerosis is a vascular infection that decreases blood vessel lumen size through plaque 
formation and blood vessel thickening. Cholesterol deposition at a specific site in the body 
prompts plaque structuring. It obstructs the oxygen supply to the organs; accordingly, stroke 
happens. It can influence large and medium-sized arteries of the body. It might be seen mainly 
along the limbs and branches where blood supply is low. It has been shown that curvature and 
the resulting blood flow can contribute to atherosclerosis and restenosis. The development of 
atherosclerosis is often associated with local hemodynamics including shear stress and 
recirculation zones. However, it does not seem to be an agreement if they are correlated with 
high or low wall shear stress. This is due to the non-Newtonian nature of the blood, at shear rates 
less than 10𝑠−1, with the shear thinning property of viscosity being considered to be the most 
significant non-Newtonian characteristic of blood. Shear rate over one cardiac cycle in several 






functions that have finite values both at low and high shear rates. Simulations of unsteady and 
oscillatory flows using these models also highlight the effect on the fluid flow when using a 
strain-dependent viscosity, in particular with regard to the magnitude of the flow which was 
found to be smaller in the non-Newtonian case.  
 Numerous different studies have utilized either computational or experimental methods to 
understand the flow mechanism affecting the cardiovascular system. A few studies use artery 
models with patient particular geometry and others have taken general shapes. Taking into 
account the research done by Shafullah Mohammad [1], this study utilized Newtonian blood 
stream in healthy and atherosclerosis-affected arteries created a model utilizing CT examination 
by taking blood as Newtonian and non-Newtonian. Non-Newtonian nature is very different from 
Newtonian nature; mainly viscosity is a dependent function of shear rate in non-Newtonian 
nature. Blood has many suspended small cells, due to which it behaves like a non-Newtonian 
fluid when flowing through narrow vessels and at low shear rates. In this study, a CFD 
examination is performed on the femoral vein and contiguous tissue by considering blood flow 
as incompressible, pulsating and non-Newtonian flow over a realistic velocity waveform of the 
femoral artery utilizing Carreau-Yasuda consistency model. These studies show that the velocity 
profiles are flatter in case of non-Newtonian flow when compared with the Newtonian flow. 
While Newtonian flow is an acceptable approximation, modeling non-Newtonian fluid can 
produce results that depict velocity profiles and wall shear stress. Off these studies, none 







1.2 Literature Review 
 Ku [2] has given the short presentation of cardiovascular systems, blood properties, heart 
usefulness, blood vessel tree, velocity profiles, stream in particular arteries, start of 
atherosclerosis and biological reactions to hemodynamic. The primary endeavor to model the 
blood stream in vessels was performed by Womersley [3]. He broke down the comparisons of 
viscous movement for laminar stream by considering blood as a Newtonian, incompressible 
liquid and artery as a limitlessly long and straight roundabout tube. The main reason for his study 
was to ascertain the speed and stream rates in conduits by utilizing the pressure gradients 
measured by McDonald [4]. The pressure slope obtained by McDonald was represented as a 
Fourier arrangement to figure the velocity profiles. This examination is helpful to pick up the 
general understanding of the pertinent forces included in blood vessel stream.  
Silva, Teixeria and Lobarinhas [5] recreated abdominal aorta and renal branches for both 
idealized and practical geometry acquired from CT pictures of an ordinary grown-up subject and 
utilizing the waveform computed by Taylor and Draney [6]. A lattice refinement study was also 
performed utilizing four distinctive lattice sizes to compare about the precision of the results. 
They performed operations on two separate designs of inlet velocity limit conditions, uniform 
velocity or a completely developed velocity profile, and acquired comparable velocity 
conveyances for both uniform and completely developed boundary condition. They discovered 
the recirculation zone at the proximal wall of renal branches and along the posterior of the 
abdominal aorta. They presumed that the blood stream patterns might be identified with the 







of atherosclerosis plaque. The plots of velocity patterns and wall shear stress (WSS) distribution 
acquired in their work are in great concurrence with the past computational studies.  
 Hashimoto and Ito [7] performed the flow pulse wave examination on 138 patients of 
ages 56±13 by recording 16-sec information of the femoral stream velocity. They interpolated 
the velocity information for each 10ms and plotted against time utilizing a code composed as a 
part of 7 Mathematica Software. The beat-to-beat waveforms were assembled and arrived at the 
midpoint of 10 sequential beats, i.e. in excess of 10 cardiovascular cycles, and produced an 
averaged femoral velocity waveform. The velocity waveform created by this group is utilized as 
an inlet limit condition for the present study. 
 Shafiullah Mohammad [1] performed CFD examination on the femoral artery by 
considering blood stream as a pulsating, incompressible and Newtonian stream over a practical 
velocity waveform of the femoral artery. He considered the artery as a straight and rigid pipe 
along with a branch. The blood flow pattern is exceedingly regulated along the cardiac cycle and 
a strong function of waveform is created by the heartbeat. It was demonstrated that adverse flow 
field created upstream and downstream of the blockage may cause enhanced growth in size of 
the blockage.   
Shaik, Hoffmann and Dietiker [8] has examined the contrast in results focused around 
Newtonian and non- Newtonian liquid stream utilizing CFD for two distinctive three-
dimensional models of a supply route. Impact of blood vessel geometry on the stream field is 
dissected as far as the advancement of atherosclerosis in conduits. Their results demonstrate little 







Seibert and Fodor [9] have worked with three non-Newtonian models and furthermore 
the Newtonian model to study the shear stresses and the reattachment length as a function of the  
fluid speed. The three non-Newtonian models are the Carreau model, the energy law model, and 
one of its varieties, the Walburn-Schneck model. Their results demonstrate that at high speeds 
the distinction between the speed profiles in the middle of the Newtonian and non-Newtonian 
models is less than Carreau model when compared with the other models. At substantial strain, 
Carreau Model exhibits no change in viscosity. 
Mir, Sumaia and Mamum [10] conducted a numerical investigation on unsteady periodic 
flows in a non-Newtonian two-dimensional (2D) pipe with two idealized stenoses of 75% and 
50% degrees. They thought about the four distinctive non-Newtonians models, one among them 
the Carreau model. They considered the artery as a rigid wall and a simple pulsatile inlet profile 
is given. They concluded that the Newtonian fluid is more likely to cause blockage due to its 
characteristics of high wall shear stress and pressure loss than the non-Newtonian models.  
1.3 Objective  
 Objective of this study is to analyze and characterize pulsating non-Newtonian blood 
flow conditions within the artery and capillaries with and without plaque formation. In this study 
computational analysis is done on femoral artery and capillaries by considering blood flow as a 
pulsating, incompressible and non-Newtonian fluid. The arterial wall is designed as a variable 
diameter with a branch leading to small branches. Using commercial simulation software, 
Navier-Strokes equation is solved for pulsating velocities ranging from 0.5m/s during diastole 
and to a maximum of 0.95m/s during systole phase using the pulsating waveform calculated by 






in terms of recirculation, stagnation regions, and identification of the possibilities of plaque 
formation and failure of the artery, the velocity, pressure and stress fields over the artery are  
analyzed. A comparison study has been conducted between the Newtonian and non-Newtonian 























2. CIRCULATORY SYSTEM 
In this chapter, a brief description of the cardiovascular system and characteristics of the 
blood flow dynamics is given. How the blood flow varies in the capillary is given.  
2.1 Cardiovascular System 
The cardiovascular system is a structure that provides the body with oxygen and nutrients 
and also works to remove waste from tissue cells. The cardiovascular system mostly consists of 
the heart and the circulatory system (Figure 2.1). 
 







2.1.1 Cardiac Cycle 
The cardiac cycle has two phases, diastole and systole. During diastole, blood enters the 
heart and during systole, blood leaves the heart. During the diastolic phase, the mitral and 
tricuspid valves open, and during systole, these valves close.  When there is pressure in the atria, 
the valves open to let blood out. When the ventricles relax, the pulmonary and aortic valves 
close. When the pressure in the ventricles is less than in the atria, the tricuspid and mitral valves 
open and the cardiac cycle begins. 
2.1.2. Heartbeat 
Normal heart rate is about 60-100 beats per minute. Heart rate depends on different 
factors, such as age, gender, and overall health. Resting heart rate (when the person is at rest) is 
typically around 60-80 beats per minute (bpm). Heart rate increases due to increased breathing 
rate, aerobic exercise, digestion, excitement, and/or other physical exertion. 
2.2 The Circulatory System 
The circulatory system is a transport network made of blood vessels to supply the body 
with blood. Blood flows into the heart through veins and flows away from the heart through 
arteries. Oxygenated blood from the aorta is pumped into arteries, which branch into smaller 
vessels called arterioles, which divide into even smaller vessels called capillaries. The capillaries 
carrying deoxygenated blood merge into venules and then merge into larger veins. 
The walls of arteries are lined by tissue, muscle, and endothelium but capillary walls are 







Arteries can also change their sizes by expanding or shrinking based on the changing 
hemodynamics. 
2.3 Blood 
Blood is fluid containing red blood cells (erythrocytes), white blood cells (leukocytes), 
and platelets in plasma. Red blood cells are small, semisolid particles that make up 40% of the 
blood’s volume. Blood does not have a constant viscosity at all flow rates and is therefore non-
Newtonian. This non-Newtonian behavior is most noticeable at low shear rates when 
erythrocytes clump into larger particles. However, in most arteries, blood has a Newtonian 
behavior and therefore viscosity is constant. 
Some important characteristics of blood are that blood is about four times more viscous 
than water; arterial blood generally has a viscosity of 4cp; Blood behaves in a non-Newtonian 
fashion in some branches, and the constant mass density of blood is 1050kg/cm3. 
 Blood flow and pressure fluctuate because of the cyclic nature of the heart. The flow 
away from the heart goes to zero when the aortic valve is closed. The aorta acts as a reservoir of 
high pressure during the cardiac cycle. This explains why blood pressure in the arteries is 
pulsatile but does not go to zero during diastole. However, in some arteries like the external 
carotid, brachial, and femoral arteries, the flow can be zero during diastole. These certain arteries 
have a high downstream resistance during rest, and flow fluctuates with each cycle. The typical 
Reynolds number in arteries ranges from 1-1000 in arterioles and is about 4000 in large arteries, 








2.4 Blood Vessels 
Blood vessels arise from the heart and pass all over the body to supply blood to different 
body parts and collect blood back from different parts to the heart. The hallow area inside the 
blood vessels is called the lumen, through which blood is able to flow. The vessel wall 
surrounding the lumen is very thick in case of arteries (Figure 2.2) and thin in case of capillaries. 
A thin layer of simple epithelium known as endothelium surrounds the blood vessels. 
This endothelium keeps the blood cells inside the blood vessels and prevents the blood from 
forming clots. Entire circulatory system is lined with endothelium all the way to the interior of 
the heart. 
There are three major types of blood vessels: arteries, capillaries and veins. 
 
 








2.5 Arteries and Arterioles 
Blood vessels that carry blood away from the heart are called arteries. Highly oxygenated 
blood from lungs is carried by the arteries and supplies it to the body tissues. The pulmonary 
artery and trunk of the pulmonary circulation loop work quite opposite to this rule – they carry 
deoxygenated blood to lungs to be oxygenated from the heart. Blood pressure is high in the 
arteries as the most of the force exerted by the blood after leaving the heart is exerted by arteries. 
The walls of the arteries are more elastic, thicker and more muscular than the walls of the veins. 
Larger arteries contain high elastic tissues which help these arteries to stretch and withhold this 
high pressure of the heart. The structure of artery is as shown in (Figure 2.3).  
 
 
Figure 2.3 : Arterioles. 
2.6 Capillaries 
The smallest and thinnest of all the blood vessels in the body are capillaries. They run 
throughout almost every tissue of the body and surround the edges of the body’s avascular 
tissues. One end of the capillaries is connected to arterioles and the other end is connected to 






from tissues. A thin layer called endothelium is the only layer present in the capillary wall that 
separates the blood and the tissues (Figure 2.5). The endothelium acts as a permeable membrane  
and retains the blood cells inside the vessels and allows the dissolved gases, liquids and other 
chemicals to diffuse depending on their concentration gradients into or out of tissues. 
 
Figure 2.4: Capillaries network.  
A bunch of smooth muscles called pre-capillary sphincters are located at the ends of 
capillaries and arterioles. These sphincters regulate flow of the blood into the capillaries. As 
there is limited blood supply to capillaries, and all tissues do not require the same amount of 
oxygen or have the same energy, the pre-capillary sphincters allow the free flow of blood into 
active tissues by reducing the blood flow to the inactive tissue. 
 







 These are the combination of series of discontinuous functional units connected together.  
Each of these functional units are formed by capillaries and the peripheral tissue. When we cut 
this diagonally we can find the structure as a bunch of cables passing one around the other. The 
outermost layers are made up of muscles in which blood vessels, capillaries and connective 
tissues are found. 
The whole tissue is supposed to be a combination of a series of units with discontinuous 
functions, and each functional unit is formed by one capillary and its peripheral tissue; in the 
same organ, the functional units have the same working state and specialties. This kind of 
functional unit is also the basic unit used to determine the density of capillaries.  
2.8 Veins and Venules 
  Veins carry deoxygenated blood from the arterioles through capillaries and carry this 
deoxygenated blood to the heart. A very low blood pressure is seen in veins because most of the  
impulses generated by the heart’s contractions is absorbed by the arteries, arterioles and 
capillaries. This pressure drop allows the vein walls to be much thinner, less elastic and less 
muscular comparatively to the walls of the arteries. 
In order to push the blood back to the heart, veins rely on gravity, inertia and the force of 
the skeletal muscle contractions. Few veins contain many one-way valves that prevent the blood 
from flowing away from the heart. Contraction of skeletal muscles squeezes the nearby veins and 
forces the blood into the heart. 
 During relaxation phase, the whole amount of blood is circulated in the arteries and 






Venules collect the deoxygenated blood from the capillaries arising from the arterioles and 
supply back to the heart. 
2.9 Flows in Specific Arteries 
 Flow varies throughout the circulatory system (Figure 2.6). The Reynolds number at the 
highest point during systole is about 4000. The Reynolds number for the abdominal aorta, the 
aortal artery that passes through the mid-abdomen before branching off, is about 600 and its 
Womersley parameter is about 16. The carotid arteries in the sides of the neck supply blood to 
the head. Atherosclerosis can develop in this artery and lead to stroke. The Reynolds number for 
the carotid artery is about 300 and the Womersley parameter is about 4. Atherosclerotic plaque  
can develop near this artery’s sinus. The coronary arteries around the heart also have 
complicated flow because they move with the contractions of the heart. The Womersley 
parameter is about 3. The flow is high during diastole and is reversed during systole. The blood 
flow in the coronary arteries is in the opposite direction.  
 The Reynolds number and Womersley parameters help calculate hemodynamic 
dynamics. Computational fluid dynamics can be used to find velocity and wall shear stresses to 






Figure 2.6: Flow rates and pressure plots at different locations in circulatory system [1]. 
2.10 Femoral Artery Waveform 
The waveform used in the analytical and CFD solution is generated by the data of the 
femoral flow velocity interpolated offline for every 10ms. The velocity in Figure 2.7 increased in 






deceleration time is shorter than the acceleration time. The amplitude of reverse flow velocity is 
less than the forward flow velocity but is greater than the diastolic flow velocity. Fully developed  
flow concept was explained by Womersley [3]. Figure 2.7 shows typical pulsating velocity 
profiles for a femoral artery of a dog, generated by McDonald [4]. 
 
Figure 2.7: Flow velocity waveform. (A) Flow velocity waveform in a normal femoral arterial 
flow. (B) The velocity profiles obtained from the analysis given by Womersley for pulsating 
flow in a straight, rigid tube at different times [1]. 
2.11 Womersley Number 
The Womersley number arises from the dimensional analysis of the unsteady Navier-






unsteady inertia forces to viscous forces. For low Womersley numbers, viscous forces are high 








2.12 Flow Properties 
Blood is non-Newtonian in capillaries and smaller branches. Usually, blood is considered 
Newtonian, laminar, isotropic, and incompressible. 
2.12.1 Entrance Region 
 The flow near some of the regions of arteries is not completely developed. Here the flow 
is similar to entrance flow and a developing layer at the wall. The Womersley parameter for a 
medium-sized artery at an entrance region is around 1-10 and the Reynolds number is about 10-












3. COMPUTATIONAL MODELS 
 A detailed description of the computational model is given in this chapter. Artery 
geometry, computational mesh and boundary conditions are given in this chapter. 
3.1 Computational Fluid Dynamics 
The application of computational techniques in the investigation of the blood flow in 
arteries has become an important tool due to its ability to simulate velocity and pressure fields in 
virtual models of the cardiovascular system. CFD simulations of blood flow became an 
important tool to find the cardiovascular functionality. CFD studies go further by visualizing the 
flow, WSS mass transport, and stagnation regions which is difficult to describe using 
experimental techniques. CFD simulations of blood flow are highly focused on healthy and 
atherosclerotic arteries. The objective of the study is to find the differences in the Newtonian and 
non-Newtonian nature of the blood when it goes through capillaries and how the pressure is built 
in the capillaries so that it can transfer the blood back to the system. The location of the 
atherosclerosis and the CFD techniques can be used to understand the growth of plaque to 
predict the possible locations that are under risk of plaque formation and how releasing a certain 
concentrated drug could reduce the plaque formation. The most important character in blood 
flow is its unsteadiness; the computational model that is developed must be able to compute 
complex gradient of velocities that vary extremely along the cardiac cycle. Blood is modeled as a 






Considering all these complex characteristics of blood and arteries in a CFD code is not an easy 
task. However, such a complex model requires additional models relating the interactions of 
blood cells and base fluids and requires high computational resources, which are computationally 
very time consuming. Initial development of the simulation model was primarily restricted to 
single-phase blood model and assuming artery walls. Such a model can provide first-order close 
realistic analysis of pulsating blood flow [1].  
In this study CFD simulations were carried out by considering blood as both Newtonian 
and non-Newtonian. The viscosity for Newtonian nature of the blood is constant 0.0035 Kg/ms. 
The viscosity parameter used for modeling the non-Newtonian blood flow is a function of the 
strain rate γ, where the viscosity at high shear rate 𝜂∞ equals the value for the Newtonian model 
(i.e. 0.0035 Pa s) while the value at zero shear is η 0 = 0.056 Pa s. Also, λ = 3.313s and n = 
0.3568 [1, 7]. The density is 1050Kg/m3. The porosity of the tissue medium is given as 4. 
Simulations were carried over a period of pulse cycle ranging from velocities below zero during 
diastole to a maximum of 0.95 during systole, according to the waveform generated by 
Hashimoto and Ito [7]. The femoral artery diameter is taken as 8mm with a length of 12cm for 
the comparison of Newtonian and non-Newtonian flow. The other model which is generated 
from CT scan is of 8mm diameter and 150mm length with the subbranches attached to a porous 
medium. 
A 3-dimensional computational model of femoral artery with subbranches and a porous 
tissue medium  is developed using commercial CFD software called STAR CCM+, which uses 






the unsteady flow patterns throughout the cardiac cycle. A femoral artery section is selected in 
this study as it is one of the regions where atherosclerotic disease is likely to occur. 
3.1.1 Newtonian Fluid 
Newtonian fluids obey Newton’s law. In Newtonian fluid the shear stress is directly 
proportional to shear rate and the constant of proportionality is coefficient of viscosity. Blood 
acts as Newtonian fluid in larger arteries. 
i) Shear stress is proportional to rate of shear strain in fluid 
ii) Stress to rate of strain is isotropic 




3.1.2 Non-Newtonian Fluid 
These fluids do not obey Newton’s law. In this shear stress is not a linear dependent of 
shear rate; it can be time dependent. Therefore a constant viscosity term cannot be added because 
viscosity varies. In small arteries and capillaries, blood acts as non-Newtonian fluid which helps 
in passage of small cells (RBC, WBC) suspended in the blood. 
3.1.3 Viscosity Model  
In order to take into account the non-Newtonian viscosity of blood in a numerical 
simulation, an equation which defines the relationship between viscosities and shear rate is 










where η0, η∞, λ, n and 𝛾 are material coefficients. 
 η0 = viscosity at zero shear rate (Pa.s) = 0.056Pas 
η∞ = viscosity at infinite shear rate (Pa.s) = 0.004Pas 
 = relaxation time (s) = 3.313sec 
 = power index = 0.3568 
𝛾 = shear rate = 2  
The relaxation time constant and the power law index control the respective transitions 
and slope in the power law region. The mathematical modeling of flow phenomena is 




+ (𝑢. ∇)𝑢) = −∇𝑝 + ∇. 𝜏 




+ (𝑢. ∇)𝑢) = −∇𝑝 + 𝜇∇. (∇𝑢) 












3.1.4 Porous Model 
 A medium of closely packed particles which allows liquids to flow through the spaces is 
called porous medium. Permeable media could be described by their particular surface (s) and 
porosity  










A few permeable media, for example, organic tissues, are deformable under mechanical 
burdens. Natural tissues are heterogeneous, in which the porosity is equivalent to the void 
portion of nearby interstitial liquid. There are three compartments in organic tissues: blood and 
lymph vessels, cells and interstitial space. The interstitial space could be further separated into 
the additional cell lattice and the interstitial liquid. The additional cell locale could be viewed as 
a porous medium, with pores immersed with interstitial liquid. Tissues could be dealt with as a 
porous medium. 
3.1.5 Darcy Flow Model 
Darcy quantified the interaction between solid and liquid phases in porous media in 1856. 
When the fluid flows through a porous media, the solid particles exert equal and opposite force 
on the fluid to drag force on the solid particles. The pressure gradient in the flow balances this 






















η = Viscosity of blood 
K  =  Permeability coefficient 
 
3.2 Artery Geometry 
In order to study the accurate blood flow dynamics in the femoral artery, the artery 
geometry should be representative of the native anatomy. In this study the femoral artery was 
constructed based on the CT scan image of the femoral artery. The artery is assumed as a rigid 
spline pipe. Three geometric models of healthy artery, stenosis affected, and artery with tissue 
are developed for analysis. The geometry of the femoral artery with the subbranches was 
constructed in solid works based on the average dimensions taken by shafullah Mohammad 
[1].One model is designed by tracing the image of the artery in solid works. A circular sphere- 
shaped tissue medium is designed in solid works and is attached to one of the subbranches. In 
this study a part of the femoral artery tree is considered to study the flow patterns in four 
different modes: healthy straight artery, a stenotic artery, healthy curved artery with tissue and 







The healthy femoral artery was designed by taking 120mm of length and 8mm diameter 
with a branch of diameter 5mm to the main artery. An additional subbranch of diameter 3mm is  
attached to the branch. The porous block of 30mm*30mm is designed. Stenosis region has been 
created on the side of the branch. The stenosis region is 30mm length and at a distance of 15mm 
from inlet. The width of the stenosis region is 2mm so that it can block 25% of the flow.  
3.2.1 Healthy Artery 
The generalized geometry model of the healthy straight artery is as shown in Figure 3.1. 
The length of the straight artery is 120mm and with a fixed diameter of 8mm and a branch of  
5mm diameter is designed in solid works [1]. 
 
Figure 3.1: Geometry of the straight healthy artery. 
3.2.2 Healthy Curved Artery 
           The artery designed by using CT scan image is 120mm length and 8mm diameter with a 













Figure 3.2: Geometry of the curved healthy artery. 
3.2.3 Stenosis-Affected Artery 
  This model is developed from the healthy artery. The stenosis region is created by 
narrowing the middle section of the artery. The stenosis of length 30mm is placed at a distance of 









   
Figure 3.3: Geometry of the straight 25 % stenosed artery. 
3.2.4 Straight 50% Blockage 
This model is developed from the healthy artery. The stenosis region is created by 
narrowing the middle section of the artery. The stenosis of length 30mm is placed at a distance of 
40mm from the inlet and 4mm width. The geometry of the stenotic artery is as shown in the 
Figure 3.4. 
 







3.2.5 Curved Stenosed Artery 
The artery designed by using CT scan image is 120mm length and 8mm diameter with a 
subbranch of 5mm and 3mm diameter. The stenosis region is of 30mm length and 2mm width. 
The geometry of the healthy curved artery is as shown in Figure 3.5. 
 
 
Figure 3.5: Geometry of the curved stenosed artery. 
3.2.6 Artery Along with Tissue 
The artery designed by using CT scan image is 120mm length and 8mm diameter with a 
subbranch of 5mm and 3mm diameter. To one of the subbranches, a tissue sphere of 











Figure 3.6: Geometry of the curved healthy artery and tissue. 
3.3 Grid Generation for Healthy Artery and Stenotic Straight Artery 
          The generated mesh for healthy and stenotic arteries are shown in the Figure 3.7-3.9. The 
base size of 0.3mm with three prism layers and a prism layer thickness of 25% of the core and 
medium temporal growth is selected [1]. 
 







Figure 3.8: Mesh generation for 25% stenosed straight artery. 
 
 









3.4. Grid Generation for Curved Healthy and Stenosis Artery 
The generated mesh for curved healthy and stenosis artery with tissue is shown in the 
Figures 3.10 and 3.11. The base size of 0.4mm with three prism layers and a prism layer 
thickness of 25% of the core and medium temporal growth is selected. 
 
Figure 3.10: Mesh generation for curved healthy artery. 
 






3.4.1 Grid Generation for Curved Healthy and Stenosis Aartery with Tissue 
The generated mesh for curved healthy and stenosis artery with tissue is shown in Figures 
3.12 and 3.13. The base size of 0.4mm for artery and 0.3mm for tissue with three prism layers 
and a prism layer thickness of 25% of the core and medium temporal growth is selected. 
   
Figure 3.12: Mesh generation for curved artery and tissue. 
 






Number of cells, faces and vertices generated for each model using same mesh models is 
tabulated as shown in the Table 3.1. 



























No of Cells 218268 235733 213216 319784 321338 60947 60458 
No of Faces 641821 693439 626105 913473 918684 1986283 1898549 
No of Vertices 246339 264467 239591 327918 329129 711346 700253 
 
3.5 Boundary Conditions for Artery 
   The outer wall of the artery is assumed to be a rigid wall with no slip condition. The inlet 
boundary condition is given as velocity table .This velocity table is generated from the waveform  
calculated by Hashimoto and Ito [7]. The waveform used is generated by the data of the femoral 
flow velocity interpolated offline for every 10ms and plotted against time. The velocity in Figure 
3.14 increased in early stole and reached peak at Vs and then reduced to minimum reverse 
velocity at Vr. The deceleration time is shorter than the acceleration time. The amplitude of 
reverse flow velocity is less than the forward flow velocity but is greater than the diastolic flow 
velocity. The inlet boundary condition is given as velocity table generated from the physically 
realistic waveform generated by Hashimoto and Ito [7]. The systolic peak velocity and diastolic 








Figure 3.14: Inlet velocity waveform. 
Calculated values of systolic forward peak velocity and diastolic velocities 
Table 3.2 Heart Rate Table 
Variable    Velocity range (cm/sec) 
Systolic forward peak velocity (Vf) 69±19 
Diastolic reverse peak velocity -19±6 
End diastolic velocity (Vd) 8±4 
Time-averaged mean velocity (Vm) 1±3 
 
i) An interface is created between the artery branch and the tissue medium in order for the 
blood to flow from artery to tissue. An in-place internal interface with continuous velocity 






ii) Boundary condition for the outlet is zero pressure. 
3.6 Unsteady Computational Parameters 
Simulation is run as an implicit unsteady condition with inlet velocity is given as the 
table of velocity and times generated by digitizing the velocity waveform as explained above. 
The segregated flow solver is used to solve the flow equations. Constant density liquid is 
selected and flow is considered as laminar. The maximum physical time is taken as 0.8sec and 
the time step of 0.01sec and 50 inner iterations were allowed for each time step. Temporal 
discretization of 1st order is used to solve the problem. Under relaxation factor for velocity is 



















4. RESULTS AND DISCUSSION 
4.1 CFD Results of Healthy Newtonian and Non-Newtonian Artery 
Initially comparative study is made between Newtonian and non-Newtonian flow in a 
straight artery. In the starting phase, results in both cases show that blood movement is slow near 
the intersection of the main artery and the branch; this flow leads to the formation of the plaque 
[1]. 
4.1.1 Velocity Profiles of Healthy Artery along Cardiac Cycle 
The velocity profiles in femoral artery are observed and the results at different time steps 
are as shown in the Figure 4.1. 
  
A) Newtonian velocity at 0.04sec                      B) Non-Newtonian velocity at 0.04sec 
Figure 4.1: Axial flow velocity contours at the time steps A) 0.04sec, D) 0.27sec, F) 0.76sec. 









C) Newtonian velocity at 0.27sec                      D) Non-Newtonian velocity at 0.27sec 
 
  E) Newtonian velocity at 0.76 sec                   F) Non-Newtonian velocities at 0.76sec 






4.1.2 Comparison of Velocities for Newtonian and Non Newtonian Flow 
 Comparison of the velocity profiles at different sections for both Newtonian and non-
Newtonian and affected artery at different time steps (Figure 4.2) shows distinct differences 
between them. At low speeds both the Newtonian and non-Newtonian models show profiles that 
are flatter at the center and larger at the walls. This is high in case of non-Newtonian flow this is 
due to shear thinning effect of the blood. For the higher inlet speed the velocity profiles at the 
outlet for the Newtonian and non-Newtonian are almost indistinguishable. 
 
i) Newtonian vs non-Newtonian Velocity Plot at 0.04sec 
Figure 4.2: Axial flow velocity contours at the time steps A) 0.04sec, B) 0.27sec, C) 0.76sec. 





























ii) Newtonian vs non-Newtonian velocity plot at 0.27sec 
 
ii) Newtonian Vs non-Newtonian velocity plot at 0.76sec 

















































4.1.3 Pressure Plots at Different Time Steps 
 From the Figure 4.3 we can observe that the pressure was initially high during the 
systolic peak time, then it started falling down during the diastolic phase. During this phase 
heart starts relaxing and the pressure starts falling down. 
 
A) Newtonian Pressure at 0.04sec                   B)Non-Newtonian Pressure at 0.04sec 
 
C) Newtonian Pressure at 0.27sec           D)Non-Newtonian Pressure at 0.27sec 








E) Newtonian Pressure at 0.76sec                 F) Non-Newtonian Pressure at 0.76sec 
(Figure 4.3 continued) 
4.1.4 Wall Shear Stress 
Results in Figure 4.4 show that the wall shear stress at the branch side wall exhibits a 
significant lower wall shear stress at near 0.27secs of the cycle. Such areas with lower wall shear 
stress are the feasible locations for plaque formation, since the time of diastolic phase is more 
than that of the systolic phase. The wall before the branch is experiencing low wall shear stress 
for longer durations. By this we can conclude that the wall before the branch is more feasible for 
the plaque formation due to the presence of slow-moving regions and presence of lower wall 









i) Newtonian WSS at 0.04sec. 
 
ii) Non-Newtonian WSS at 0.04sec 
Figure 4.4: Variation of wall shear stress along the length of the artery. i) WSS at 0.04s, ii) WSS 
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iii) Newtonian WSS at 0.27sec 
 
iv) Non-Newtonian WSS at 0.027sec 
(Figure 4.4 Continued) 
The complex profile of the dynamic viscosity impacts both the distribution of the shear 































low speeds the Newtonian model consistently underestimates the value of the shear stress close 
to the walls. In case of non-Newtonian flow it does not neglect the wall shear stress near the 
walls at low speeds. Viscosity is high near the walls and less at the center in non-Newtonian 
case; in case of Newtonian flow, viscosity is high near the walls and less at the center. This 
corresponds to the transition of the fluid flow from a shear-dependent viscosity to a constant 
viscosity, as the shear rate is increased. The transition between the non-Newtonian and 
Newtonian regimes is also observed in the narrow regions like near the plaque area. At high 
speeds there is not much difference between the Newtonian and non-Newtonian flow as the 
impact of wall shear stress is the same in both the cases. 
4.2 CFD Analysis of Stenosis Affected Artery 
Blood flow analysis is performed to characterize the flow conditions and stresses on 
arteries with the formation of plaque, a condition known as stenosis-affected artery. In first case, 
25% blockage is created; in second case, 50 % blockage is created. 
4.2.1 Velocity Analysis   
A stenosis-affected artery region may form near the entrance to a branch over a period of 
time. In order to characterize the flow in a stenosis-affected region, a region formation CFD 
simulation result of the stenosis-affected artery reveals the flow disturbances caused due to the 
restriction of the flow. Figure 4.5 illustrates the flow distribution of the stenosis-affected artery 









   A).Newtonian velocity at 0.04sec                        B) Non-Newtonian velocity at 0.04sec   
       
C) Newtonian velocity at 0.27sec                   D) Non-Newtonian velocity at 0.27sec 
Figure 4.5: Newtonian and non-Newtonian axial flow velocities at different time steps. 






             
E) Newtonian Velocity at 0.76sec                               F) Non-Newtonian Velocity at 0.76sec 
(Figure 4.5 Conituned) 
 From the Figure 4.5 we can observe the flow disturbances caused due to the restriction 
of the artery. From the flow patterns we can observe the recirculation zones formed at the 
entrance of the branch are more when compared to the healthy artery.  From these flow patterns 
we can come to a conclusion that it may take a long time to initiate the plaque formation, but 
once the restriction is formed, it takes less time to increase the percentage of restriction as well as 
growth in the leading and trailing end. 
4.2.2 Velocity Profiles of Newtonian and Non-Newtonian Model at Different Lengths and at 
Different Phases in the Cardiac Cycle 
From the Figure 4.6 we can conclude that flow is almost the same in both the cases due to 
the consequence of the convergence of the Carreau model to the constant viscosity Newtonian  
flow. In non-Newtonian case, decreased viscosity is seen at the center and high at the walls 






systolic phase is reaching the peak value (0.27sec) at the center of the stenosis area. Newtonian 
flow is more likely to have low flow near the walls in comparison to the non-Newtonian flow. 
 
A) Newtonian and non-Newtonian counter plots at 0.04sec for restricted artery. 
 
B) Newtonian and non-Newtonian counter plots at 0.27sec for restricted artery. 



























Velocity Profile at Location= 55mm along the length 
newtonian at 0.27sec
Non Nwtonian at 0.27sec
newtonian at 0.04sec
Non Newtonian at 0.04sec
Newtonian at 0.76sec























Velocity Profile at Location= 55mm along the length 
Newtonian at 0.04sec
Non Newtonian at 0.04sec
Newtonian at 0.27sec
Non Newtonian at 0.27sec
Newtonian at 0.76sec







C) Newtonian and non-Newtonian counter plots at 0.76sec for restricted artery 
(Figure 4.6 continued) 
4.2.3 Pressure Analysis for Stenosis-Affected Artery 
From the Figure 4.7 we can observe that Newtonian and non-Newtonian flows are 
showing the same pressure; there is not much variation in the pressures. 
 
Newtonian pressure at 0.04sec                                    Non-Newtonian pressure at 0.04sec 
























Velocity Profile at Location= 70mm along the length 
Newtonian at 0.04sec
Non Newtonian at 0.04sec
Newtonian at 0.27sec
Newtonian at 0.76sec
Non Newtonian at 0.76sec







Newtonian Pressure at 0.27sec                      Non-Newtonian Pressure at 0.27sec 
 
Newtonian Pressure at 0.76sec                Non-Newtonian Pressure at 0.76sec 






4.2.4 Wall Shear Stress in Stenosed Artery 
Wall shear stress acting along the wall along the length of the artery is plotted at different 
time steps selected as shown in the Figure 4.8. 
 
A) Newtonian wall shear stress at 0.04sec      B) Non-Newtonian wall shear stress at 0.04sec 
 
C) Newtonian wall shear stress at 0.27sec     D) Non-Newtonian wall shear stress at 0.27sec 








E) Newtonian wall shear stress at 0.76sec      F) Non-Newtonian wall shear stress at 0.76sec 
(Figure 4.8 continued) 
Results in Figure 4.8 show that wall shear stress (WSS) at the wall near the branch side of 
the artery shows lower wall shear stress at 0.27sec and 0.76sec of the cardiac cycle in both 
Newtonian and non-Newtonian flow. The results show that the presence of low wall shear stress 
is at the entrance of the branch. Areas with low wall shear stress are the possible sites of the 
plaque formation. This is due to diastolic phase that is more than that of the systolic phase; 
therefore, wall before the branch will be exhibiting the lower wall shear stress for longer duration 
of time. By this we can drop to a conclusion that the area before the branch is more feasible for 
the plaque formation due to low velocity of the blood flow and the low wall shear stress. 
4.2.5 50% Stenosed Artery 
From the Figure 4.9 we can observe the flow disturbances caused by the restriction of 







not take time to increase the percentage of restriction. Velocity is low when compared to the 
25% restricted artery. 
 
A) Non-Newtonian velocity at 0.04sec 
 
B) Non-Newtonian velocity at 0.27sec 








C) Non-Newtonian Velocity at 0.76sec 
(Figure 4.9 continued) 
4.2.6 50% Stenosed Artery Wall Shear Stress 
From Figure 4.10 we can observe that the wall shear stress is high in case of the 50% 
restricted artery. Wall shear stress is high at the center of the restricted zone and varies along the 
cardiac cycle. Wall shear stress is varying along the length of the restricted part, which supports 
the above conclusion that it takes time to initiate the plaque, but once plaque is formed it does 
not take time to grow in size. 
 
i) Non-Newtonian wall shear stress at 0.04sec 







ii) Non-Newtonian wall shear stress at 0.27sec 
 
 
iii) Non-Newtonian wall shear stress at 0.76sec 
(Figure 4.10 continued) 
4.2.7 Comparison Velocity Profiles for both 25% and 50% Stenosed Area at Different Time 
Steps 
 From the Figure 4.11 we can conclude that the velocity is high in case of 25% stenosed 








i) Non-Newtonian velocity plot at 40mm length from inlet for 25% stenosed area 
 
ii) Non-Newtonian velocity plot at 40mm length for 50% stenosed area 


















Velocity Profile at 40mm length for 25% Blockage 
25% Blockaage at 0.04sec
25% blockage at 0.27sec

















Velocity Profile at 40mm length for 50% Blockage 
50 % blockage at 0.04sec
50% blockage at 0.27sec








iii) Non-Newtonian velocity plot at 55mm length from inlet for 25% stenosed area 
 
 
iv) Non-Newtonian velocity plot at 55mm length from inlet for 50% stenosed area 


















Velocity Profile at 55mm length for 25% Blockage 
25% Blockage at 0.04sec
25% Blockage at 0.27sec



















Velocity Profile at 55m Length for 50% Blockage 
50% Blockage at 0.04sec
50% blocakge at 0.27sec







v) Non-Newtonian velocity plot at 70mm length from inlet for 25% stenosed area 
 
vi) Non-Newtonian velocity Plot at 70mm length from inlet for 50% stenosed area 

















Velocity Profile at 70mm length for 25% Blockage 
 
25% blockage at 0.04sec
25% blockage at 0.76sec

















Velocity Profile at 70mm length for 50% Blockage 
50% Blockage at 0.04sec
50% Blockage at 0.27sec






From the Table 4.1 what we can observe is the peak velocities in case of 25% blockage at 
different time steps is different and is high when compared to the velocity profiles for 50% 
blockage. 
Table 4.1: Average Peak Velocities at Different Time Steps for 25% and 50% Stenosed Artery. 
Time 
40mm 55mm 70mm 
25% 50% 25% 50% 25% 50% 
0.04sec 0.1165 0.1008 0.13755 0.229819 0.1254 0.1121 
0.27sec 0.1165 0.2457 0.298492 0.251 0.5469 0.4542 
0.76sec 0.0309 0.0388 0.023947 0.027895 0.0432 0.0861 
 
4.3 Velocity analysis on curved healthy femoral artery 
From the Figure 4.12 we can notice that structure of the artery plays a major role in the 
velocity distribution. When compared to the straight artery the flow in the curved arteries near 
the bends is low. These sites are the possible locations of the plaque formation. It can also be 
concluded that the flow patterns are highly varying along the cardiac cycle. At the entrance of 
the branch there is an occurrence of flow separation. During the systolic phase there is maximum 
velocity at the wall before flow nearing the branch, and during diastolic phase, flow separation 
has taken place at the branch. This variation in the flow patterns during systolic and diastolic 
phase and the systolic phase time is low comparatively to the diastolic phase; therefore, it could 








A) Non-Newtonian axial flow velocity counters at 0.04sec 
 
B) Non-Newtonian axial flow velocity counters at 0.27sec 










C) Non-Newtonian axial flow velocity counters at 0.76sec 
(Figure 4.12 continued) 
4.4 Velocity Analysis on Healthy Femoral Artery and Tissue 
From the Figure 4.13 we can observe flow distribution in the healthy artery and tissue. 
Initially the flow is totally concentrated in the larger artery and very low flow is seen in the 
subbranches and the tissue medium. Maximum flow is observed at the walls of the branches in 
the systolic phase. Then during the diastolic phase, blood started flowing to the arterioles and 
then to the capillaries. In this phase at 0.76sec the flow is totally concentrated in the tissue region 
and we can observe high velocity in the tissue zone. This high velocity helps tissues to push the 
blood back to the venules. Flow in the subbranches and main artery near the wall is low; this low 









A) Velocity distribution at 0.04sec. 
 
B) Velocity distribution at 0.27sec 
Figure 4.13: Velocity distribution at A) 0.04sec, B) 0.27sec, C) 0.76sec. (Continued in 







C) Velocity distribution at 0.76sec 
(Figure 4.13 continued) 
4.4.1 Pressure Analysis 
From the Figure 4.14 we can observe pressure distribution in the artery. It can be 
observed that initially the pressure is high at the entrance region and almost zero pressure in the 
tissues. During the systolic phase pressure is built in the tissues, which helps capillaries to push 
the blood back to the venules. 
 
A) Non-Newtonian Pressure at 0.04sec 







B) Non-Newtonian pressure at 0.27sec 
 
C) Non-Newtonian Pressure at 0.76sec 










A computational simulation model has been developed for analyzing blood flow 
dynamics in stenosed artery.  The computational model is based on solving Navier-Stokes 
equation in a femoral artery network based on Navier-Stokes equation and Darcy equation in 
the end-tissue region with capillaries. A comparative analysis of blood flow through femoral 
artery is performed assuming Newtonian blood flow and non-Newtonian blood flow along 
with Carreau-Yasuda model subjected to a pulsating waveform based on a cardiac cycle. 
Non-Newtonian flow analysis shows shear thinning effect at lower blood flow velocities of 
the cardiac cycle and hence predicted less likelihood of plaque formation compared to that 
predicted by the Newtonian flow model. This simulation model is used to analyze the flow 
and stress field in healthy and atherosclerosis-affected femoral arteries. The simulation 
analysis results show that the arterial geometry plays a major role in the initiation of the 
atherosclerotic plaque due to the presence of low-velocity recirculation regions.  
Future work will focus on the delivery of drugs to targeted regions including the end-
tissue regions for the treatment of tumors. 
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